Gross chromosomal rearrangements (GCRs) have been observed in many cancers.
INTRODUCTION
Different types of genomic instabilities are observed in many cancers (KOLODNER et al. 2002; LENGAUER et al. 1998; VESSEY et al. 1999) . High levels of gross chromosomal rearrangements (GCRs), such as translocations, deletions of chromosome arms, interstitial deletions, inversions and gene amplification have been reported in many different cancers (MATZKE et al. 2003; RENNSTAM et al. 2001) . Such high levels of GCRs in cancer cells could be caused by mutator mutations and as a result facilitate further accumulation of genetic changes (KOLODNER et al. 2002; LOEB et al. 2003) . It has been documented that many cancer susceptibility syndromes have inherited mutations that cause problems in DNA damage responses or DNA recombination/repair and resulted in higher frequencies of spontaneous and/or DNA damage-induced chromosomal aberrations (KHANNA and JACKSON 2001; KOLODNER et al. 2002) .
In order to understand the mechanisms for suppression of GCRs, quantitative assays that can measure different GCR events were developed in Saccharomyces cerevisiae (CHEN and KOLODNER 1999; HUANG and KOSHLAND 2003; KOLODNER et al. 2002; MYUNG et Rad1 and Rad10 were first identified as members of the RAD3 epistasis group required for nucleotide excision repair (NER) of ultra-violet (UV)-damaged DNA in the yeast Saccharomyces cerevisiae (FRIEDBERG 2001) . The human homolog of the RAD1 gene, XPF, is frequently mutated in xeroderma pigmentosum (XP), a cancer prone syndrome (BOOTSMA et al. 1998; FRIEDBERG 2001) . Mutation of the RAD10 mammalian homolog in murine cells, ERCC1, generates a typical XP phenotype, including extreme sensitivity to UV light and deficiency in NER (MCWHIR et al. 1993; WEEDA et al. 1997) .
RAD1 and RAD10 encode subunits of an endonuclease complex that excises the 5' end of damaged DNA during NER (ABOUSSEKHRA et al. 1995; IVANOV and HABER 1995; PARK and SANCAR 1994; PRAKASH and PRAKASH 2000) . In addition, the Rad1-Rad10 endonuclease complex plays a role in processing intermediates in homologous recombination (SCHIESTL and PRAKASH 1988; SCHIESTL and PRAKASH 1990) , resolving DNA interstrand cross-link-induced double strand breaks (DSBs) (NIEDERNHOFER et al. 2004) , removing 3'-blocked termini from DSBs induced by reactive oxygen species (GUZDER et al. 2004) and in the micro-homology mediated end-joining process that requires only a few nucleotide homologies at the joining junction (MA et al. 2003) .
Recently, a new role has been discovered for the Rad1-Rad10 human homolog, ERCC1-XPF, in the production of the end-to-end telomere fusion in the absence of TRF2 (ZHU et al. 2003) .
The enzymatic activities of the Rad1-Rad10 complex, especially the endonuclease activity for unpaired DNA intermediates in different DNA metabolisms, suggest that this complex could be the enzyme required to process DNA intermediates during GCR formation. Here, we present a novel role of Rad1-Rad10 complex for the generation of both de novo telomere addition and translocation types of GCRs. Furthermore, we propose mechanisms for how the Rad1-Rad10 complex functions during GCR formation.
MATERIALS AND METHODS

General genetic methods
Media for the propagation of strains were as previously described (MYUNG et al. 2001c; SMITH et al. 2004) . All Saccharomyces cerevisiae strains were propagated at 30 o C.
Yeast transformation, yeast chromosomal DNA isolation for use as template in polymerase chain reaction (PCR) and PCRs were performed as previously described (MYUNG et al. 2001c; SMITH et al. 2004) .
Strains
The strains used in this study are all isogenic to RDKY3615 (MATa, leu2∆1, trp1∆63, his3∆200, ade2∆1, ade8, hxt13::URA3) for general GCR assay and to YKJM941 (MATa, ura3::KAN, HO::hisG, leu2∆1, trp1∆63, his3∆200, ade2∆1, ade8, . Both are of the Winston S288c background. All strains were generated using standard PCR-based gene disruption methods and correct gene disruptions were verified by PCR as described previously (MYUNG et al. 2001c; SMITH et al. 2004) . The sequences of primers used to generate disruption cassettes and to confirm disruption of indicated genes are available upon request. The detailed genotypes of strains are listed in Table 1 .
Construction of Rad1 and Rad10 overexpression strains
The RAD1 and RAD10 genes were amplified from yeast chromosomal DNA by PCR with primers, PRKJM791 (5'-cgcggatccCTTTCCAGATGTCTCAGTTATTTTATCAGGGCG) and PRKJM792 (5'-ccggagctcCTTATAACATATACGGTCGAAGTCACCAAATG) for RAD1 or PRKJM793 (5'-cgcggatccGGTTATCCTAGAAGATGAACAATACTGATCC) and
respectively. The sequences written in lower case are additional sequences for restriction enzyme digestion for cloning purpose. The amplified RAD1 and RAD10 genes were cloned in the pCR2.1 vector (Invitrogen) and labeled pKJM345 (RAD1) and pKJM346 (RAD10). The RAD1 and RAD10 genes were then moved to p42K-TEF (Dualsystems biotech) or pKJM362, which contains the TEF promoter, multicloning sites and CYC terminator that are same as p42K-TEF but in the pRS424 (HIS3) vector backbone. The expressions of RAD1 and RAD10 were then confirmed by UV sensitivity complementation of rad1 or rad10 strains, respectively (data not shown). The overexpression plasmids for RAD1 or RAD10 were then labeled pKJM358 and pKJM373, respectively. pKJM358 and pKJM373 were then transformed into YKJM2366 (pif1::HYG) to create a RAD1 and RAD10 overexpression strain and the resulting strain was labeled YKJM2450. p42K-TEF and pKJM362 were transformed into YKJM2366 to generate a control strain and the resulting strain was labeled YKJM2448.
Characterization of GCR rates and breakpoints
All GCR rates were determined independently by fluctuation analysis using the method of the median with at least two independent clones by two or more times using 5 or 11 cultures for each clone. The average value is reported as previously described (LEA and COULSON 1948; MYUNG et al. 2001c) . The breakpoint spectra from mutants carrying independent rearrangements were determined and classified as described (MYUNG et al. 2001c; SMITH et al. 2004) Five independent cultures of each strain were used in each experiment and each experiment was performed at least twice. For MMS treatment GCR assays, yeast were cultured as above for HO-inducible GCR assays, to obtain 1 to 2 x 10 7 cells/ml densities and incubated with the indicated concentration of MMS for 2 hours. After three times of washes with distilled water, cells were resuspended in 10 volumes of YPD media and cultured overnight. The next day, GCR frequency was determined as in HO-inducible GCR assays. Five independent cultures of each strain were used in each experiment and each experiment was performed at least twice. The average fold increases in the GCR frequency of treatment relative to that of each control are described in the Results. by comparing cell numbers obtained from no treatment controls. For both chronic and acute survival tests, two independent clones for each mutant strain were tested at least twice.
Sensitivity to MMS
RESULTS
Although GCR suppression mechanisms have been studied extensively (CHEN and KOLODNER 1999; HUANG and KOSHLAND 2003; KOLODNER et al. 2002; LENGRONNE and SCHWOB 2002; MYUNG et al. 2001a; MYUNG et al. 2001b; MYUNG et al. 2001c; MYUNG and KOLODNER 2002; MYUNG and KOLODNER 2003; MYUNG et al. 2003; SMITH et al. 2004; TANAKA and DIFFLEY 2002) , The mechanism of GCR formation when DNA damage is not properly repaired are poorly characterized. In the present study, we demonstrate that the Rad1-Rad10 endonuclease complex, which normally functions in NER and recombination repair (FRIEDBERG 2001; SCHIESTL and PRAKASH 1988; SCHIESTL and PRAKASH 1990) , is also important for the formation of GCRs.
Mutations in the RAD1 or RAD10 genes reduced spontaneous GCR formation
The breakpoint junction structures investigated from both de novo telomere additions and translocations showed minimal homology with 2 to 10 nucleotides identities (CHEN and KOLODNER 1999; KOLODNER et al. 2002; MYUNG et al. 2001a; MYUNG et al. 2001c; MYUNG and KOLODNER 2002; MYUNG et al. 2003; PENNANEACH and KOLODNER 2004; SMITH et al. 2004) . Such minimal homology at the breakpoint junction suggests that intermediate DNA structures during GCR formations might have 3' overhanging flap
structures (See the model in Figure 4 ). In the case of translocations, an invading single stranded DNA annealed to the donor strand might cause such 3' overhanging flap structures; and in the de novo telomere addition case, a telomerase RNA subunit, Tlc1, hybridized with small TG repeat sequences might be the cause. These structures need to be removed by endonucleases to continue the GCR formation process. In order to find such endonucleases, mutations that inactivate different nucleases were tested using the GCR assay.
Inactivation of Mre11 or Rad27, which both have endo/exonuclease activity increased the GCR rate (Table 2 ). The mutation in another endonuclease, MUS81, which functions in producing D loops during recombination (BODDY et al. 2001; OSMAN et al. 2003) and MMS4, which encodes an interacting factor to Mus81, also increased the GCR rate 109-and 169-fold, respectively, compared to wild type (Table 2; SMITH et al. 2004 ).
Inactivation of ExoI, which encodes a 5'-3' exonuclease that preferentially degrades double-stranded DNA in different types of DNA metabolism (FIORENTINI et al. 1997; KOLODNER and MARSISCHKY 1999) , also causes a 10-fold increase in the GCR rate compared to wild type (Smith, S., Gupta, A., Kolodner, R. D., Myung, K. unpublished data). Therefore, it is very unlikely that these endo-or exonucleases are responsible for the removal of the 3' flapped overhang structures. However, a mutation in the RAD1 or RAD10 genes or mutations in both RAD1 and RAD10 genes slightly reduced the GCR rate compared to wild type (Table 2 ).
To confirm that the Rad1-Rad10 endonuclease complex is the nuclease responsible for GCR formation, we constructed and determined the GCR rates of strains carrying mutations in a GCR mutator gene along with either rad1 or rad10 (Table 2) . When mutations specifically increasing de novo telomere addition types of GCRs, such as mec1, elg1, rad5, or rad18 were combined with either rad1 or rad10, the GCR rates were decreased significantly, by 3-to 50-fold. Strains carrying either rad1 or rad10 and a mutation in a GCR mutator gene that increases both de novo telomere addition and Ligase 4-dependent translocation type of GCRs such as mre11, rad52 or rfa1-t33 also showed reductions in the GCR formation rate compared to those observed in strains carrying only a GCR mutator gene mutation ( Table 2 ). The GCR rate observed in the rad27 strain was decreased 3-and 2-fold by the additional rad1 or rad10 mutation, respectively. Additional rad1 or rad10 mutation also decreased the GCR rate observed in strains containing the mus81 or mms4 mutation (Table 2) . Furthermore, the overexpression of Rad1 and Rad10 proteins in the pif1 strain but not in wild type strain increased the GCR rate more than 3-fold, as compared to a pif1 strain with normal Rad1
and Rad10 expression (Figure 1 and data not shown). Such induction of GCR rate by Rad1-Rad10 overexpression was not observed when we overexpressed several other proteins including Siz1, Ubc9 or Smt3 in the pif1 strain (data not shown). However, the addition of rad1 or rad10 mutations to a pif1-m2 strain, where only the nuclear Pif1 is absent, did not change the GCR rate observed in that strain ( Table 2 ).
The Rad1-Rad10 endonuclease complex promotes both de novo telomere addition and translocation types of GCRs GCR mutator mutations increase different types of GCRs (Table 3; CHEN and KOLODNER 1999; KOLODNER et al. 2002; MYUNG et al. 2001a; MYUNG et al. 2001c; MYUNG and KOLODNER 2002; MYUNG et al. 2003; PENNANEACH and KOLODNER 2004; SMITH et al. 2004) . In order to know whether the Rad1-Rad10 endonuclease complex can promote the formation of a specific GCR or all types of GCR, breakpoint spectra of GCRs generated from strains carrying rad1 or rad10 mutation with GCR mutator mutations were compared to those observed from strains carrying only a GCR mutator mutation (Table 3) . If the Rad1-Rad10 endonuclease complex promotes a specific GCR type, a mutation in the RAD1 or RAD10 genes will only reduce a specific type of GCR.
However, breakpoint spectra analysis in different strains carrying a GCR mutator mutation along with a rad1 or rad10 mutation showed that all types of GCRs detected by our system were reduced by the rad1 or rad10 mutation (   Table 3 ). The high increase of de novo telomere addition GCRs observed in the mec1 strain was reduced by either rad1 or rad10 mutation. Translocations were observed in the GCRs from the rad1 mec1 or rad10 mec1 strain that might be due to the decrease of de novo telomere addition type of GCR by the rad1 or rad10 mutation in the mec1 strain and as a result, low level of translocation, which is also observed in wild type, started to be detected. However, the rate of translocation generated from the rad1 mec1 or rad10 mec1 strain was higher than wild type. Thus, it is also possible that in the mec1 strain, the rad1 or rad10 mutation promote translocation GCR formation. Both translocation and de novo telomere addition
GCRs observed in the rfa1-t33, mre11 and rad27 strains were all decreased by an additional mutation in the RAD1 or RAD10 gene (Table 3) . Therefore, the Rad1-Rad10 endonuclease complex promotes both de novo telomere addition and translocation GCR formation.
Incorporation of rad1 or rad10 mutation in the strains containing GCR mutator mutations slightly increases sensitivity to MMS
The reduced GCR rates by the additional mutation of the rad1 or rad10 gene could be due to the inability to process DNA intermediates during GCR formation. If this is the case, strains carrying a mutation in the rad1 or rad10 gene along with a GCR mutator gene could not tolerate DNA damaging conditions, such as MMS treatment because at least two different pathways, a proper repair pathway and a GCR formation pathway for survival in MMS treatment, are absent. The rad1 or rad10 strain showed no sensitivity compared to wild type when they were grown on an YPD plate containing 0.005% MMS or when they were exposed to various doses of MMS for 2 hours in log phase growth (Figure 2) . However, the additional mutation of either rad1 or rad10 in the mec1 strain slightly increased MMS sensitivity compared to the mec1 strain either exposed chronically ( Figure 2A ) or acutely ( Figure 2B) . A similarly modest increase of MMS sensitivity was observed in the rad27 and mre11 strains by either rad1 or rad10 mutation (Figure 2A, C, D) . Recently, we have reported that a deficiency in the mitotic checkpoint decreases GCR rates in many GCR mutator strains. Strains carrying mutations in a mitotic checkpoint gene and a GCR mutator gene also increased sensitivity to MMS (MYUNG et al. 2004 ). Thus, it is possible that the inactivation of the GCR formation pathway in strains carrying a GCR mutator mutation in general increases MMS sensitivity. However, it should be noted that although the reduction of GCR formation by either rad1 or rad10 mutations in GCR mutator strains is substantial, the increase of MMS sensitivity is not.
The inactivation of Rad1 or Rad10 does not suppress GCR formations induced by either MMS treatment or a single DSB
Previously, we demonstrated that the GCR frequency could be increased by MMS treatment or by the introduction of a single DSB by an HO endonuclease (MYUNG and KOLODNER 2002; MYUNG and KOLODNER 2003) . GCR formation by MMS treatment or by the introduction of a single DSB was compared between wild type and strains carrying either the rad1 or rad10 mutation. A two-hour treatment with 0.05% MMS in wild type induced GCR frequencies up to 74-fold ( Figure 3A) . The rad1 and rad10 strains also showed a 77-and 66-fold induction of GCR frequencies upon 0.05% MMS treatment, respectively. The fold induction by MMS treatment of the rad1 and rad10 strains was not significantly different from that in wild type. The introduction of a single DSB by HO endonuclease increased the GCR frequency 462-fold compared to no DSB in wild type ( Figure 3B ). When the same single DSB was introduced in the rad1 or rad10 strain, similar levels of GCR induction (611-and 429-fold, respectively) were observed.
Therefore, GCR formation induction by two DNA damaging agent treatments does not require the Rad1-Rad10 endonuclease complex.
novo telomere addition type GCR in wild type (Table 3) . The rad1 or rad10 mutation did not change its spectrum. The common GCRs formed upon the introduction of a single, HO-catalyzed DSB are large deletion or translocation type of GCRs (Table 3) . However, when either Rad1 or Rad10 is inactive, a much higher incidence of de novo telomere addition was observed. The breakpoint spectra shifts by the rad1 or rad10 mutation are statistically significant (p=0.04 and 0.0002 respectively). Thus, although the GCR frequency upon formation of a single DSB is not reduced by the rad1 or rad10 mutation, the de novo telomere addition type GCR becomes preferred in the absence of Rad1 or Rad10.
DISCUSSION
Previously, we have demonstrated that there are more than 50 proteins that function in the suppression of GCRs in Saccharomyces cerevisiae (KOLODNER et al. 2002; MYUNG et al. 2001a; MYUNG et al. 2001b; MYUNG et al. 2001c; MYUNG and KOLODNER 2002; MYUNG and KOLODNER 2003; MYUNG et al. 2003; SMITH et al. 2004) . However the proteins participating in the formation of GCRs, when under conditions DNA repair is impaired, are not clearly understood. In the present study, we demonstrate that the Rad1-Rad10 endonuclease complex makes major contributions for GCR formation under these conditions.
If translocation or de novo telomere addition is mediated through the homology of a small number of nucleotides, when DNA invasion happens presumably through single stranded DNA (ssDNA) to donor strand, the unmatched 3' overhang ssDNA should be removed by a nuclease (Figure 4 ). Spontaneously generated GCRs in different GCR mutator strains were drastically decreased by an additional mutation in either the RAD1 or RAD10 gene. Therefore, the endonuclease activity of the Rad1-Rad10 complex seems to perform this incision, to allow GCR formation to proceed (Table 2) , although we cannot exclude possibility that there is a function of Rad1-Rad10 other than the nuclease that participates in GCR formation. This model is supported by the observation that the overexpression of Rad1 and Rad10 in a pif1 strain increased the GCR rate more than 3-fold (Figure 1 ).
DNA damage, which is normally repaired, could be channeled to GCR formation by the overexpression of the Rad1-Rad10 proteins in the pif1 strain. However, the de novo telomere addition type of GCR that predominates in the pif1-m2 strain is not reduced by either a rad1 or a rad10 mutation ( Table 2 ). The inactivation of both Rad1 and Rad10 in the pif1-m2 strain caused no further increase in GCR above that observed in strains carrying only the pif1-m2 mutation. The Pif1 protein functions as a telomerase inhibitor in normal telomere maintenance (Figure 4 ; MYUNG et al. 2001a; ZHOU et al. 2000) . The pif1-m2 strain increases de novo telomere addition due to its deficiency in the inhibition of telomere sequence addition to broken chromosomes by telomerase (MYUNG et al. 2001a; ZHOU et al. 2000) . The Pif1 inhibition of de novo telomere addition might happen when telomerase begins to add telomeric sequences after the Rad1-Rad10 complex trims the intermediate DNA hybrid structure. In the absence of the Rad1-Rad10 endonuclease complex, DNA damage that is to become the translocation type GCR might be channeled to another route to be a substrate for the de novo telomere addition type GCR by currently unknown endo-or exo-nucleases (Figure 4 ). To support this hypothesis, breakpoint junction structures from strains carrying rad1 or rad10 mutations still showed similar 2 to10 nucleotide homology or TG repeat sequences (data not shown). This explains why the inactivation of Rad1 or Rad10 in the pif1-m2 strain did not affect the increased GCR rate observed in the pif1-m2 strain. Alternately, because the human homolog of Rad1-Rad10, ERCC1-XPF, interacts with TRF2 (a telomere protection protein) (ZHU et al. 2003) , it is possible that a mutation in the RAD1 or RAD10 gene causes a problem in telomere maintenance. As a result, the intermediate process defect and the telomere maintenance imbalance caused by a rad1 or rad10 mutation may compensate for each other. However, since other GCR mutator strains carrying the rad1 or rad10 mutation decreased de novo telomere addition type GCR, it is more likely that Pif1 inhibits Mutations of RAD1 or RAD10 genes did not reduce the GCR frequency induced by these treatments (Figure 3) . However, the GCR spectra observed from the rad1 or rad10 strains showed a preference for generation of the de novo telomere addition type GCR (Table 3 ). This effect was most dramatic in the GCR spectra upon the introduction of a single DSB. Therefore, in the absence of Rad1-Rad10, the DSB, which is one of the DNA intermediates for GCR formation, is preferentially channeled to de novo telomere addition (Figure 4) . However, because some translocations or deletions are still produced, an alternative pathway, which does require the Rad1-Rad10 complex, exists. It also explains why the inactivation of Rad1 or Rad10 in rfa1-t33, mre11 or rad27 still generates translocation or deletion types of GCRs (Table 3) .
A mutation in the RAD1 or RAD10 gene in different GCR mutator strains slightly increased sensitivity to MMS (Figure 2 ). Similar increases of MMS sensitivity were observed when a mitotic checkpoint gene was mutated in strains carrying a GCR mutator gene (MYUNG et al. 2004) . However, the GCR rates were greatly reduced compared to those from strains carrying only a GCR mutator gene mutation. When DNA cannot be repaired properly, GCR formation might be the major pathway for repair. However, great portion of GCR itself can also cause rearrangements that ultimately lead haplolethal phenotype. If most GCR events are haplo-lethal, this might explain why the inactivation of the GCR machinery in GCR mutator strains only slightly increases MMS sensitivity.
One of the interesting aspects addressed in this study is that proteins normally functioning for genome stability through DNA repair, Rad1 and Rad10 can also be used to produce mis-repair products such as GCRs. Similarly, other proteins such as mitotic checkpoint proteins, telomerase and Ligase 4, which normally function for genome stability are required to produce GCRs (Figure 4) . It is still unclear what might cause such drastic changes in the function of these proteins. However, we envision that clear understanding of the mechanism of GCR formation together with the GCR suppression mechanism will give clues to disclose such regulation. The RAD1 and RAD10 genes were expressed under a strong TEF promoter in high copy number plasmids and their effect on the GCR rate was determined. The same high copy number plasmids with a TEF promoter without any genes were used as a control. All strains are isogenic with the wild type strain, RDKY3615 leu2∆1, trp1∆63, his3∆200, lys2∆Bgl, ade2∆1, ade8, YEL069::URA3] with the exception of the indicated mutations. The numbers in parenthesis indicate the fold induction of GCR rate relative to wild type GCR rate. The GCR rate of rad1∆ rad10∆ (YKJM1833) strain was less than 4.1×10 -10 . a. Not determined. The pif1-m2 mutation only inactivates the nuclear form of Pif1 since only the second methionine codon for the translation start of nuclear form of Pif1 is mutated while the first methionine codon for the translation start of mitochondrial from of Pif1 is intact. 5 (2.9 x 10 -10 ) 1 (6.0 x 10 -11 ) mec1∆ sml1∆ a RDKY3735 9 (6.4 x 10 -8 ) 0 (< 2.9 x 10 -9 ) mec1∆ sml1∆ rad1∆ YKJM1684 8 (4.0 x 10 -9 ) 2 (1.4 x 10 -9 ) mec1∆ sml1∆ rad10∆ YKJM1722 8 (1.6 x 10 -8 ) 2 (4.0 x 10 -9 )
rfa1-t33 b RDKY3617 5 (2.1 x 10 -7 ) 6 (2.6 x 10 -7 )
rfa1-t33 rad1∆ YKJM1698 8 (5.9 x 10 -9 ) 2 (1.5 x 10 -9 )
rfa1-t33 rad10∆ YKJM1700 6 (3.1 x 10 -9 ) 4 (2.0 x 10 -9 ) Numbers of individual GCR structures from different strains is presented.
The rate in the parentless is calculated by dividing the GCR rates observed in Table I 
